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We develop a two-channel resistor model for simulating spin transport with general applicability.
Using this model, for the case of graphene as a prototypical material, we calculate the spin signal
consistent with experimental values. Using the same model we also simulate the charge and spin-
dependent 1/f noise, both in the local and nonlocal four-probe measurement schemes, and identify
the noise from the spin-relaxation resistances as the major source of spin-dependent 1/f noise.
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Signal fluctuations with 1/f power spectral density are
believed to originate from a broad distribution of time
scales related with the measured quantity [1, 2], which
for electronic transport is associated to the trapping-
detrapping times of charge carriers via impurities [1, 3].
A two dimensional sheet of graphene, owing to its surface
sensitivity [4–8] and superior spin transport properties
[9, 10], offers a unique platform to study the interaction
of impurities with the electron spin via the universally ob-
served phenomenon of 1/f noise. Such an approach leads
to the expectation of a spin-dependent 1/f noise in the
average spin accumulation [11], and to the fundamental
question of what is the origin of this noise. In our re-
cent experiment, we measured for the first time the spin-
dependent 1/f noise [12]. For this, we used graphene as
a prototypical spin channel, leading to two major obser-
vations. First, we extracted a noise magnitude γ for spin
transport, i.e., γs three to four orders of magnitude higher
than for charge transport (γc), attributed to a drastically
enhanced spin scattering as compared to charge scatter-
ing. Second, we identified that the spin-dependent noise
was dominated by the noise from the spin-relaxation pro-
cesses.
In this work, we develop a two-channel resistor model
and using this, simulate the charge 1/f noise of similar
magnitude as that experimentally measured in ref. [12],
employing γ = γc ∼ 5×10−8. Next, we use the same
model to simulate the spin signal and the spin-dependent
1/f noise in the nonlocal geometry. The simulated spin
signal is in agreement with the experimental results.
Nevertheless, we find that the simulated spin-dependent
noise is significantly lower than the experimental counter-
part, using the noise magnitude γ ∼ γc for each process.
Via further analysis, we show that an agreement with
the measured 1/f spin-dependent noise [12] is obtained
by considering γ '104 × γc, i.e. γ ∼ γs, only for the
spin-relaxation resistances. This leads to a quantitative
demonstration of a spin-dependent noise dominated by
the spin-relaxation processes with a large γ.
Our elementary two-channel resistor model for the
four-probe nonlocal geometry (Fig. 1(b)) [11], is devel-
oped as an extension to ref. [13]. A region of length l in
the device is modeled as n basic units connected in se-
ries, with each unit corresponding to the spin transport
within a length ∆x. For our simulations, we consider
∆x = λs/3, with λs the spin relaxation length in the
channel, as shown in Fig. 1(c). One channel unit is repre-
sented by a spin-up and a spin-down channel resistances,
R↑ch and R
↓
ch, connected via a spin relaxation resistance
R↑↓. The resistance to a charge current, for a channel
length ∆x and width w, is Rch = Rsq∆x/w, with Rsq
the square resistance. For a two-channel model, this can
be represented as a parallel configuration of R↑ch and R
↓
ch,
both expressed as,
R↑ch = R
↓
ch = 2×Rch =
2Rsq∆x
w
, (1)
which holds true due to the non-magnetic nature of the
channel. To complete the model of the channel we intro-
duce the spin relaxation resistance R↑↓ given by,
R↑↓ =
2Rsqλ
2
s
w∆x
, (2)
which corresponds to the spin relaxation within a channel
length of ∆x (see Supplemental Information for deriva-
tion). Within the transport channel there are two current
branches, I↑ (upper branch) and I↓ (lower branch), see
Fig. 1(d). In the nonlocal part of the circuit, where the
charge current is zero, Ic = I↑ + I↓ = 0 , there exists
only a pure spin current, Is = I↑−I↓ 6= 0. Therefore, the
spin accumulation, µs, i.e., the difference between the the
chemical potentials in upper branch, µ↑, and the lower
branch, µ↓, is present only due to spin transport in the
channel.
With respect to the contacts, each spin-polarized in-
jector (detector) is represented as a combination of two
resistors, R↑C and R
↓
C, corresponding to injection into the
spin-up and spin-down channels, as shown in Fig. 1(d).
These resistors must satisfy the following conditions [14]
regarding the measured contact polarization, P , and the
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FIG. 1. Schematic diagram of nonmagnetic channel (gray)
with spin-polarized contacts (purple) for a four probe (a)
charge transport and (b) spin transport measurement scheme.
A region of length l ≈ λs is modeled as n=3 basic units
connected in series (c), each formed by an equivalent cir-
cuit of a spin-up resistance R↑ch (red) and a spin-down resis-
tance R↓ch(green), connected via a spin-relaxation resistance
R↑↓ (blue). (d) A two-channel model for spin transport is
constructed by replacing the transport channel with a series
connection of basic units from (c), and by modeling the spin-
polarized contacts with two resistors R↑C and R
↓
C.
measured contact resistance, RC, namely,
P =
R↓C −R↑C
R↓C +R
↑
C
, and RC =
R↓CR
↑
C
R↓C +R
↑
C
, (3)
to achieve consistency between the experiment and the
modelling. For the simulation, we use R↑C(R
↓
C) ∼ 9.5
kΩ(10.5 kΩ), i.e. , corresponding to P ∼5% and RC ∼5
kΩ, R↑ch = R
↓
ch=200 Ω, and R↑↓=4.7 kΩ. The nonlocal
spin signal ∆VNL due to an injection current I, can be
estimated using [14, 15],
∆VNL =
P 2IRsqλse
−L/λs
2w
, (4)
where L is the separation between the injector and de-
tector contacts. For the device used in ref. [12], L ∼ λs.
All values for the parameters in Eq. 4 are experimen-
tally obtained and consequently used to construct the
two-channel model shown in Fig. 1(d), by using Eqs. 1–
3. In order to check the validity of our model for spin
transport, we compare the simulated spin signal with the
experimental values [12]. First, we consider the measured
spin signal for the graphene spintronic device at differ-
ent values of L. Next, we apply our circuit model from
0 , 0 2 , 0 4 , 0 6 , 00 , 0
0 , 5
1 , 0
1 , 5
2 , 0
2 , 5
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FIG. 2. Spin signal as a function of injector-detector separa-
tion L. For the circuit simulations, we use the experimentally
obtained P ∼ 5%, λs ∼ 1.5 μm, Rsq ∼ 400 Ω and w = 1.7 μm.
Fig. 1(d), using the corresponding number of repetitions
for our basic unit (Fig. 1(c)), therefore replicating the
experimental device for the same values of L. The agree-
ment between the experiment and the calculated spin sig-
nal, shown in Fig. 2, confirms the validity of our model.
Let us now consider electronic noise in our model. At
equilibrium, in the absence of any charge current, there
is always a finite thermal noise present in a transport
channel. However, in a non-equilibrium situation due to
a charge current I, a frequency dependent 1/f noise is
present and dominates at low frequencies. This noise is
generated due to the trapping-detrapping of charge car-
riers at a finite time scale, via impurities present at the
contact-channel interface or at the substrate-transport
channel interface [1, 3]. For the case of spin transport,
a spin-dependent 1/f noise can be generated either by
fluctuations in contact polarization (during spin injec-
tion/detection) [16, 17], or by fluctuations in channel or
spin relaxation resistors (during spin transport). The ob-
served 1/f spin-dependent noise is believed to originate
from the spin relaxation processes [12].
In the present work, we simulate the charge and the
spin-dependent noise originating from the contacts, the
channel, and the spin-relaxation resistances, and analyze
their individual contributions to find out the dominant
source of spin-dependent noise. Noise associated with
each of these resistor elements is represented as a root
mean squared (rms) current noise source, i, in parallel
with the noiseless resistor R, as shown in Fig. 3(a). For
a noise spectral density S [A2Hz−1] at the element R, the
equivalent noise current is i ≡ S1/2 [A Hz−1/2]. For each
noise source in applied across a resistor Rn, we must eval-
uate the corresponding noise voltage appearing between
the detector contacts, vn = ηnin. Here, ηn is a coefficient
3I
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FIG. 3. Circuit model for 1/f noise (at 1 Hz) for (a) a single-
channel region of resistance R, under an applied current I,
with a current noise source i =
√
γI, has total noise V . (b)
Same region as in (a), represented as a series of three resistors,
each with a scaled in =
√
3γI, which keeps the total noise
consistent, V [18], using Eq. 5. (c) Transition to a two-channel
model in the limit of fast spin relaxation, where the channel
resistors, R
↑(↓)
ch = 2R/3, each have an equivalent noise current
source in =
√
6γ×I/2. (d) Introduction of the spin relaxation
resistance, R↑↓. For an unpolarized current I, there is no
current present at these resistors, so they do not contribute
to 1/f noise. To keep a consistent V for cases (a)–(d), we
must consider in in the spin channel resistors as independent
noise sources. (e) Full two-channel model, as in Fig. 1(d),
including also noise sources for the contact resistances and
for the spin relaxation resistances. The latter contribute to
the total noise, as in a spin injection geometry there is now
a spin current present in the channel. A noise voltage vn
appears between C3-C4 due to noise current in in the circuit
that depends on the circuit topology, relating the element
to the measurement contacts, and therefore depends on
the measurement geometry. The total noise, V , due to
all circuit elements will be,
V =
√
v21 + v
2
2 + v
2
3 + . . .+ v
2
n−1 + v2n, (5)
where we assume that all noise sources are independent.
This condition is necessary to achieve a consistent de-
scription of the total noise, V , as shown in Fig. 3(a)–(e)
and in the Supplemental Section.
We start by calculating thermal noise between C3-C4,
using the circuit model of Fig. 3(e) with I = 0, as a test
case for our model. This contribution acts as a back-
ground noise at C3-C4, which we simulate for each ele-
ment Rn, by considering a current noise spectral density
Sn = 4kBT∆f/Rn. The resulting equivalent noise cur-
rent source in across each element, is then used to calcu-
late the total noise voltage at ∆f = 1 Hz for the nonlocal
measurement geometry, according to Eq. 5. In this way,
we can estimate the contribution from the spin-relaxation
resistors, channel resistors, and contacts, separately (1st
column of Table. I). The simulation result for the nonlo-
cal thermal background, ∼ 6 × 10−17 V2 Hz−1 (see Ta-
ble I), is in good agreement with the measured thermal
noise, ∼ 10−16 V2 Hz−1, as shown in Fig. 4, supporting
the validity of the model also for the noise simulations.
Next we proceed to consider 1/f noise, first in the local
measurement configuration. For a local measurement as
in Fig. 1(a), the (charge) 1/f noise spectral density SlocalI
has a frequency and current dependent power spectral
density, described by the Hooge formula,
SlocalI =
γcI2
fα
, (6)
where α ∼ 1 and γc is the charge noise magnitude. The
latter is defined as the Hooge parameter, γcH, divided by
the total number of carriers in the transport channel,
i.e. γc = γcH/(nwL), where n is the (2D) charge carrier
density. From our measurements of a graphene device
we obtained γc ∼ 5× 10−8 at f = 1 Hz [12], of a similar
magnitude as in ref.[2, 3].
For our calculations of 1/f noise we consider this
value of γc. We first proceed to scale the experimen-
tal noise magnitude γc with respect to the length of the
basic unit element in our two-channel model, (∆x =
λs/3 ∼ L/3), as shown in Fig. 3(a)–(c). This results
in γscaled = 6γ
c for the spin channel resistors. Each
resistor element has an equivalent current noise source
in =
√
SI =
√
γscaledIn =
√
6γcIn for f = 1 Hz. For the
contacts, γ = γccontact ∼ 2 × 10−8 is used for the calcu-
lation, as obtained experimentally by measuring the 1/f
noise across the contacts [12]. Furthermore, we must
calculate the current In through each resistor element,
for the specific measurement geometry under consider-
ation. For the local configuration we consider an ap-
plied dc current I = 10 μA between contacts C1–C4,
similar to the experiment. In this way we can obtain
the equivalent noise current sources, in, for all the ele-
ments, and subsequently calculate their contribution to
the total noise at the detector contacts C2–C3, using
Eq. 5. Here it is relevant to clarify the role of the spin-
relaxation resistors, R↑↓, and the corresponding noise
magnitude γ↑↓. In the local geometry of Fig. 1(a), we
do not expect to inject any significant spin accumula-
tion within the center of the channel, using the similar
circuit of Fig. 3(e). Here, we assume that the outer con-
tacts are situated far away, which results in negligible
spin-accumulation between the detector electrodes C2-
C3. As an initial estimation, we assume that the noise
from the charge scattering and spin-relaxation have same
origin and use γ↑↓ = 3 × γc(∆x ∼ L/3) (see supplemen-
4tal Information for details). The simulation results for
the local measurement show that the contribution to-
wards 1/f charge noise from the spin-relaxation resistors
is ∼ 10−20 V2 Hz−1, which is seven orders of magnitude
lower than the experimentally obtained noise magnitude
of ∼ 3 × 10−13 V2 Hz−1. On the contrary, the calcu-
lated contribution from the channel spin resistors, R
↑(↓)
ch
amounts to a noise of ∼ 4× 10−13 V2 Hz−1, implying
that the charge 1/f noise is dominated by the noise from
the channel resistors with γ ∼ γc, as shown in Fig. 4. The
1/f scaling of the calculated noise is straightforward. It
can be obtained at any frequency f by replacing each
noise current in with in/
√
f and recalculating the out-
put noise with the modified in. Alternatively, it can be
shown using Eq. 5 that the total noise power S1/f ∝ 1/f .
Therefore, the noise simulated at one frequency can be
scaled with the factor 1/f to obtain the frequency depen-
dent behavior.
Finally, we consider the nonlocal noise. In analogy to
Eq. 6, the spin-dependent contribution to the 1/f noise,
∆SNLV , can be expressed as,
∆SNLV =
γs∆V 2NL
fa
, (7)
where γs = γsH/(nwλs) is the noise magnitude for spin
transport, and γsH represents the Hooge parameter for
spin transport. Here, we consider the non-conserved
nature of the spin current and take λs as the charac-
teristic length for the normalization of γsH by the total
number of carriers in the channel under measurement.
∆VNL = Pµs/e is the measured nonlocal spin signal due
to the average spin accumulation µs.
We use the nonlocal measurement configuration,
Fig. 3(e) for simulating the spin-dependent 1/f in or-
der to eliminate the contribution of charge noise. We
consider a dc current I = 10 μA between contacts C1–
C2 and calculate the noise between C3–C4 due to each
circuit element, following the procedure established for
the thermal and charge 1/f noise simulations, assum-
ing the same γscaled ∼ 6γc for R↑ch, R↓ch, γ↑↓ ∼ 3γc for
R↑↓, and ∼ 2× 10−8 for the spin-polarized contacts.
Here, we assume that the mechanisms, producing the
1/f charge and spin-dependent noise are same. The sim-
ulated 1/f noise results in ∼ 5× 10−17 V2 Hz−1, which
is lower by an order than the experimental counterpart,
∼ 5 × 10−16 V2 Hz−1, i.e. the magnitude denoted by
the red arrow in Fig. 4. In particular, the noise from
the spin-relaxation resistances, which was identified as
a dominant noise source in the measurements [12], is
only ∼ 10−20 V2 Hz−1, so lower than the measured
spin-dependent noise by almost four orders of magnitude.
From the simulation results it is clear that the processes
producing the spin-dependent 1/f noise are very distinct
from that of charge 1/f noise and cannot be explained
by the noise magnitude γc associated to the charge 1/f
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FIG. 4. Charge and spin-dependent 1/f noise measurements
for the experimental device of Ref. [12]. The green spectrum
is the charge 1/f noise measured in the local four-probe ge-
ometry. The black spectrum is the nonlocal thermal noise
background, for I = 0 in Fig. 3(e). The red spectrum is the
measured total nonlocal 1/f noise, which is the sum of the
thermal noise, the background charge noise, and the spin-
dependent noise (magnitude denoted by the red arrow). The
blue spectrum is the spin-independent background (thermal
and charge backgrounds), measured when the spin accumula-
tion is suppressed by an applied out of plane magnetic field.
The horizontal lines indicate the noise levels measured at 1 Hz,
and the dots the corresponding results from the simulations.
noise. In fact, the calculated nonlocal 1/f noise is in a
better agreement with the measured nonlocal 1/f spin-
independent background noise, given by the magnitude
of the blue arrow in Fig. 4. An agreement with this
background, present when an out-of-plain magnetic field
is applied and there is no spin accumulation present at
the detector due to dephased spins, suggests that with
the present consideration we only capture the nonlocal
contribution from the noise sources in the local circuit,
where a current is present, but not that contribution orig-
inating from the nonlocal spin transport. Given that the
noise sources of the channel resistances and the contacts
are experimentally determined, the only unknown noise
sources are those related to the spin relaxation resistors,
which up to now we have considered to be γ↑↓= 3×γc.
From the spin-dependent noise measurements in
ref. [12], we experimentally obtained the spin noise mag-
nitude γs ∼ 10−4 – 10−3, by fitting the dependence of
∆SNLV on the spin signal ∆VNL with Eq. 7. This value
was surprisingly up to four orders of magnitude higher
than γc for the charge noise. The main question is to find
out to which process we can assign this γs, which would
result in a simulated total 1/f noise closer to the exper-
imental value. Let us briefly consider the case where we
use this experimental γs to calculate the noise from the
5thermal noise (V2 Hz−1) 1/f noise (V2 Hz−1)
γs=5×10−8 γs=5×10−4
R
↑(↓)
C 5× 10−17 3.2×10−17
R
↑(↓)
ch 9×10−18 1.5×10−17
R↑↓ 10−21 2×10−20 2×10−16
total 6×10−17 4.7×10−17 3.1×10−16
TABLE I. Summary of thermal noise and 1/f nonlocal
noise contributions from injection/detection contacts, trans-
port spin resistors (channel), and spin-relaxation resistors
(spin-flip processes), obtained from simulations with a two-
channel model.
channel and contact resistors. This exercise results in a
1/f noise level ∼ 10−13 V2 Hz−1, higher by three orders
of magnitude than the observed noise level in the experi-
ments. This result indicates that, according to our circuit
model, the experimental γs can not be assigned to the
channel nor the contact resistances. Therefore, we forgo
our initial consideration of γ↑↓= 3×γc, and recalculate
the nonlocal 1/f noise for the case of a spin-relaxation
resistance noise magnitude given by the experimentally
measured spin noise magnitude, i.e. γ↑↓ = 3 × γs. The
results shown in the rightmost column of Table I, demon-
strate a similar magnitude for the 1/f nonlocal noise due
to the spin-relaxation resistors, ∼ 2× 10−16 V2 Hz−1, to
the measured spin-dependent 1/f noise in [12], shown by
the red arrow in Fig. 4. Based on simulation results, we
argue that γ↑↓ is orders of magnitude higher than γ of
the channel resistors. More importantly, it is in a quan-
titative agreement with the experimentally obtained γs.
In conclusion, we present a two-channel model to
simulate 1/f noise, associated with both charge and
spin transport. The noise contribution from different
circuit elements demonstrates that the measured spin-
dependent 1/f noise in Ref. [12] is dominated by the
noise from the spin-relaxation resistances, in quantita-
tive agreement with spin relaxation processes with noise
magnitude γ↑↓ ' 103−4 × γc. Our approach provides a
simplified platform to understand and address the com-
plex nature of the noise related to spin-transport exper-
iments and enables the proposal of noise measurements
as a direct tool to probe the nature of spin-relaxation.
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6Supplementary Information
DERIVATION FOR SPIN RELAXATION
RESISTANCE
The expression for the spin-relaxation resistance in the
circuit can be derived easily. The current Ish corresponds
to the spin relaxation within the volume w∆x, repre-
sented by the relaxation resistance R↑↓ is given by:
Ish =
V↑ − V↓
R↑↓
=
µ↑ − µ↓
e(R↑↓)
(S1)
Ish
w∆x
=
e(n↑ − n↓)
τs
=
eN(µ↑ − µ↓)
τs
(S2)
Here, n↑(n↓) is the number of spin up(down) electrons,
τs is the spin-flip time, and N is the electron density of
states at Fermi energy. The expression can be simplified
using the Einstein relation:
1
Rsq
= Ne2D (S3)
where Rsq is the sheet resistance of the channel and D is
the diffusion coefficient. Replacing Eq.S3 andD = λs
2/τs
into Eq.S2, we can rewrite Ish as
Ish =
µ↑ − µ↓
eRsqλs
2 (S4)
By solving Eq.S2 and Eq.S4, we obtain the expression
for R↑↓
R↑↓ =
2Rsqλ
2
s
w∆x
(S5)
SCALING OF NOISE CURRENT IN A TWO
CHANNEL MODEL
In Eq. 6
γc =
γcH
n×W × L (S6)
and 7 of the main text:
γs =
γcH
n×W × λs (S7)
the noise magnitudes of the charge (spin) transport
channel γc(γs) need to be scaled with respect to the car-
rier concentration and device parameters (W,L), in oder
to estimate the accurate noise current in of the resistor,
R
R/3 R/3 R/3
2R/3 2R/3 2R/3
2R/3 2R/3 2R/3
in
in
I
I
I/2
I/2
I
in
in=√γ×I
in=√3×√γ×I
in=√6×√γ×I/2
step I
step II
step III
step IV
A B
vn
vn
vn
vn
(a)
(b)
(c)
(d)
A
A
A
B
B
B
R R
FIG. S1. (a) noise representation of a resistor of resistance
R. (b) in a series and (b) parallel arrangements. (d) A two
channel model for spin-transport channel. The spin relaxation
resistances R↑↓ are shown in blue. R↑↓ are inactive in the
absence of a spin-accumulation in the transport channel due
to symmetry of the circuit.
unlike in the case of the intrinsic γcH(γ
s
H), which are con-
stant. Note that L, here is the separation between the
inner injector and detector electrodes, i.e., the transport
channel.
In this section, we build a two channel model and ex-
plain the scaling of γ, that can be either γc or γs associ-
ated with the resistors, that converts the charge or spin
current to a noise current. In Fig. S1(a), a charge(spin)
current I is flowing in a resistance R of length l = L ∼ λs
and width W . This current produces a 1/f noise current
in =
√
γI, which is measured as noise voltage vn due
to in flowing in R, i.e.,
vn = in ×R = √γIR (S8)
Now, in step II (Fig. S1(b)), the same R is repre-
sented in a series of three resistances of R/3. The to-
tal resistance still remains R. However, the noise and
the noise magnitude associated with each R/3 resistance
is changed. Since, the length of the transport chan-
nel for each resistance is L/3, using Eq. S6, we obtain,
γnew = 3 × γ. Now the noise voltage between A and B
due to R/3 is:
vn =
√
3γ × I × R
3
(S9)
All R/3 resistances produce the equal amount of noise vn
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FIG. S2. (a) Noise circuit representation of a spin relax-
ation resistance R↑↓ with the current Ish, flowing through it.
(b)Scaling of γ for R↑↓. For a homogeneous spin accumula-
tion, i.e., µ↑ = −µ↓ = constant, a spin relaxation current
Ish/3 flows through each ∆x = λs/3 unit, and γnew = 3 × γ
because of l/∆x=3.
and the total noise V , assuming that all noise sources are
independent and using Eq. 5, will be
√
3× v2n, which is
same as the noise measured in case of a single resistance
of resistance R.
In step III (Fig. S1(c)), we divide the A-B branch into
two parallel paths, and represent the equivalent resis-
tance in a two-channel model, which is later used to
model the spin transport. The net resistance still remains
the same (Req = R). However, each R/3 in Fig. S1(b) is
represented as a parallel combination of two 2R/3 resis-
tances. Now, for each 2R/3 resistance the channel length
and width are L/3 and W/2, respectively, due to which
γnew = 6× γ, using Eq. S6. It should be noted that the
charge current through each 2R/3 is I/2, and in, there-
fore, will be =
√
γnew×I/2 =
√
3/2× γI, which will flow
across 2R/3||2R/3 = R/3 and produce the noise voltage
vn =
√
3
2 × γI × R3 =
√
1
6 × γIR. Again, using Eq. 5,
one gets V =
√
6× v2n =
√
γIR.
Via this exercise, we show that by dividing a resistance
R into a combination of several series and parallel compo-
nent resistances does not change the total noise, though
the noise current in associated with each resistance needs
to be rescaled according to the new geometry. For the
circuit, we simulate in the main text, we extracted the γc
experimentally for a length L = 1.5µm. For the circuit
simulation, we represented the length l ∼ L in three seg-
ments of L/3, connected in series, for which we can use
γnew = 6×γ in a two channel model, as explained above.
This analysis is also valid for spin current.
Charge and spin transport in the absence of spin re-
laxation (R↑↓ ∼ ∞) can be represented via Fig. S1(c). In
the presence of spin-relaxation, which is the case for real
spintronic devices, a spin relaxation resistance R↑↓ (blue
rectangle in Fig. S1(d)) is placed as a shunt resistance
between R↑ch (red rectangle) and R
↓
ch (green rectangle)
in Fig. S1(d). In ref. [12], we extract γs for the length
L ∼ λs, which requires the rescaling of the experimental
γ we assign to R↑↓. In our circuit model, we incorpo-
rate three R↑↓ resistors in the L ∼ λs scale, therefore the
γ↑↓ = 3×γc(s), is used in the simulations, and the equiv-
alence of the noise for both the circuits in Fig. S2 can be
verified by the analysis presented for channel resistances.
After, we can successfully simulate the noise from the
channel, it remains to figure out the unknown γ which
one should assign to calculate the noise from R↑↓, which
is obtained with the help of the experimental data.
